An investigation of the photoluminescence sensitivity of epitaxial surface InP quantum dots grown on In 0.48 Ga 0.52 P buffer layer lattice matched to GaAs substrate is presented. The emission wavelength of such quantum dots can be defined through the quantum dot dimensions in the range 750 -865 nm. Quantum dot exposure to polar solvent vapour (methanol and ethanol) determines in any investigated case a luminescence intensity enhancement. The response to alcohol vapours affects only the luminescence intensity while peak position and shape remain unchanged. Optimization of the sensor response by tailoring quantum dots size and coverage has been demonstrated.
Introduction
Luminescent semiconductor quantum dots (QDs) are promising building-blocks for optical sensor devices and lab-on-chip due to their high surface area available for interaction with target chemicals and enhanced dipole moment during contact with polar solvents [1] [2] [3] . InP quantum dots near infrared emission range is also compatible with fibre optic communication (in the wavelength range 800 -900 nm), and the epitaxial growth technique on conventional GaAs substrates allows an easy integration with standard semiconductor technology. Our earlier sensitivity results on methanol vapour show that InP QDs are a suitable sensing material for alcohol detection [4] . The optical properties and carrier dynamics of InP QDs grown on GaAs and GaP substrate have been accurately characterized [5] [6] [7] [8] . Here, we present our investigation of the impact of QD morphology on the vapour sensitivity of these nanostructures.The vapour sensitivity of epitaxial surface InP quantum dots can be modified by changing both the dot size and coverage (average lateral area of single QD times the density) which can be controlled trough the growth conditions. In this work we investigated three samples with different morphological characteristics and analysed their performance as optical sensor for methanol and ethanol vapours.
Synthesis and morphological characterization
QDs composed of InP on In 0.48 Ga 0.52 P layer were grown using gas-source molecular beam epitaxy (GSMBE) in a RIBER 21T system on (100) GaAs substrates. The synthesis procedure has been described in detail in previous papers [6] [7] . The lattice mismatch of 3.8% between InP and In 0.48 Ga 0.52 P (lattice matched to GaAs) drives the strain-induced formation of QDs via the Stranski-Krastanow mechanism. The areal density and the size of QDs were controlled using the InP deposition rate and time. InP deposition rate was between 0.01 ML/s and 0.15 [8] . The structural properties of the samples and the composition of the InGaP layers were characterized using double-crystal x-ray diffractometry (DCXD) and atomic force microscopy (AFM). The results show lattice-matched In 0.48 Ga 0.52 P to GaAs with good crystal quality [8] . AFM measurements were performed in air to image the surfaces of the three investigated samples. A statistical analysis of the size and shape of about 100 dots for each sample has been preformed to obtain dots height, lateral size and asymmetry of the base shape of the dots together with the surface area and volume. The asymmetry of QD base has to be taken into account because InP QD can display an ellipsoidal base shape depending on growth conditions [8] . Also QD density and coverage (calculated as average surface area of a single QD times the density) can be estimated from the AFM image. A representative 1 μm × 1 μm AFM image of one of our sample is shown in Figure 1 (a) . Morphological parameters relevant for sensing response for the three investigated samples are reported in Table 1 .
Result and discussion
All luminescence data were measured using a 450 nm diode laser with an excitation power density of about 9 mW/cm 2 . Photoluminescence (PL) was collected and analyzed by a 25-cm monochromator (ARC SpectraPro-300i) and a photomultiplier (Hamamatsu PM363610) through lock-in technique. The sample was mounted in a sealed chamber. Before every test we performed a purging of the entire chamber with N 2 flux for 30 minutes. The gaseous environment can be cycled between vacuum (or N 2 ) and a static atmosphere composed by a blend of solvent vapour and N 2 . The saturated vapours were obtained by fluxing N 2 in a Drexel bottle which allows the bubbling of the liquid solvent. The mixed N 2 /solvent vapour was injected into the chamber. The chamber was maintained at ambient pressure (monitored by a pressure gauge) and a temperature of 300 K (controlled by a thermocouple mounted on the sample stage). Gases and bubbler were stabilized at the same temperature. These precautions were required to discriminate the effect of PL changes due to temperature (an increase of temperature lowers QD PL intensity) from those induced by the vapours. Thermal fluctuations of the bubbler (~1°C) give rise to an error of about ~5% on the determination of the vapour concentration. Exposure samples to alcohol vapours results in an increase of the emission intensity while spectral shape and energy position remain unchanged. The PL spectrum of one of our samples is shown in Figure 1 (b) . The behavior of the samples when exposed to ethanol and methanol is similar even if the change of intensity for methanol is less. We monitored the PL intensity at a fixed wavelength (on the maximum) of the emission band as a function of time during repeated cycles of injection of solvent vapour in blend with N 2 . The injection of alcohol vapour results always in a rise of the PL signal. The emission intensity change is fully reversible (see Figure 2) . The intensity change due to solvent vapours displays a linear behavior with the concentration over the whole measured concentration range (which is 5000 ppm -30000 ppm for methanol and 2000 ppm -15000 ppm for ethanol). Linear fit to the experimental data shows a good confidence (R 2 = 0.99). The impact of changes in the dot size and coverage has been investigated in detail. It is well known that morphology affect the shape and energy position of the PL emission of QDs.The different size distributions for sample A, B, and C results in emission maxima at 848, 834, and 826 nm with FWHM of 57, 55, and 58 nm, respectively. We observe that the PL intensity for samples with higher coverage undergoes a stronger enhancement when exposed to solvent vapours. Comparing the results of the three samples, there is an improvement in vapour sensitivity from sample A to B to C. We ascribe such behavior to the higher effective surface area available for interaction with target chemicals. This means that it is possible, in principle, to tune the emission intensity change for a given solvent by tailoring the dot coverage. This can be done using samples with small dots but with a high density or large dots but with a low density.
Conclusion
We demonstrate that vapour sensitivity of surface InP QDs photoluminescence is affected by dot morphology and coverage. The higher the dot coverage, the higher the sensing response. Our resultsdemonstrate that epitaxial surface InP QDs can be a suitable sensing material for alcohol vapours detection. Moreover, it is appealing to use such structures grown on GaAs substrates for the realization of integrated miniaturized optical sensors.
